Partial shading condition is one of the adverse phenomena which effects the power output of photovoltaic (PV) systems due to inaccurate tracking of global maximum power point. Conventional Maximum Power Point Tracking (MPPT) techniques like Perturb and Observe, Incremental Conductance and Hill Climbing can track the maximum power point effectively under uniform shaded condition, but fails under partial shaded condition. An attractive solution under partial shaded condition is application of meta-heuristic algorithms to operate at global maximum power point. Hence in this paper, an Enhanced Grey Wolf Optimizer (EGWO) based maximum power point tracking algorithm is proposed to track the global maximum power point of PV system under partial shading condition. A Mathematical model of PV system is developed under partial shaded condition using single diode model and EGWO is applied to track global maximum power point. The proposed method was programmed in MATLAB environment and simulations are carried out on 4S and 2S2P PV configurations for dynamically changing shading patterns. The results of the proposed method were analyzed and compared with GWO and PSO algorithms. It was observed that proposed method is effective in tracking global maximum power point with more accuracy in less computation time compared to other methods.
Introduction
Almost all the countries in the world are adopting solar photovoltaic systems as an alternative to conventional power generation due to several advantages like reduced green house gas emission, inexhaustible nature of solar energy, eco-friendly nature etc. India is also targeting 100 GW of electrical power generation by 2022 through small and largescale solar parks to meet the growing power demand (JNNSM, 2016) .
The PV system is equivalently represented in single or two-diode model and due to its low efficiency, it is necessary to operate it at maximum power point (MPP) in order to attain highest power output. PV systems are subjected to several atmospheric conditions, partial shaded condition (PSC) is one such phenomenon, where PV modules are subjected to partial shading (due to passing clouds, building shadows, bird waste etc.). When PV system is subjected to PSC its nonlinear characteristics exhibit multiple maximum power points due to bypass diode operation across shaded modules (Silvestre et al. 2009 ), therefore it is necessary to operate at global MPP.
There are many methods available to mitigate the effect of PSC viz. MPPT Controllers, PV Array Reconfiguration, Power electronic converter configurations etc. In this work MPPT controller is used to operate PV system at global MPP under PSC. Though classical MPPT techniques like Perturb and Observe (P&O), Incremental Conductance (INC), Hill Climbing (HC) etc. work efficiently to track MPP under uniform shaded condition, but fails to track global MPP under PSC (Ankit et al. 2016 , Deepak et al. 2016 . In literature, some of the authors (Makbul et al. 2017 , Saravanan et al. 2016 ) applied intelligence based techniques like ANN and Fuzzy systems to extract maximum power under PSC, but these techniques need proper training and rules formulations, which are system dependent.
In recent times, meta-heuristic based MPPT techniques became popular because of their accuracy and system independency (Zainal et al. 2013) . Several authors proposed MPPT algorithms based on Particle Swarm Optimization -Liu et al. 2012 , Artificial Bee Colony (Sundareswaran et al. 2015) , Ant Colony Optimization (Jiang et al. 2013) , Cuckoo Search (Ahmed et al. 2014) , Firefly (Sundareswaran et al. 2014) , Grey Wolf Optimizer (Satyajit et al. 2016) and Whale Optimization Algorithm (Santhan et al. 2016) . All these algorithms differ noticeably in terms of accuracy, efficiency, tracking time and complexity (Jordehi 2016) . In general, MPPT techniques are classified into direct and indirect control techniques based on the decision variable employed in tracking the MPP.
In conventional GWO Algorithm, δ and ω wolves participate in search process, as they are subordinates to α and β, these wolves does not contribute much in hunting the prey (Mirjalili et al. 2014) .
In this paper, an Enhanced Grey Wolf Optimizer (EGWO) MPPT Algorithm is proposed by eliminating the δ and ω wolves phase, entire herd is considered as α and β wolves, where α is the leader for the herd and gives optimal solution. Hence, the proposed EGWO leads to quick search process to track global MPP in less time.
The rest of the paper is as follows: Section 2 briefly describes modeling of PV system under partial shaded condition; Section 3 gives an overview of conventional GWO and proposed EGWO algorithm and its application for MPPT of PV system; Section 4 presents the results and comparison; and finally conclusions are given in section 5.
Characteristics of PV system under PSC

Photovoltaic module
The Equivalent circuit diagram for Single diode PV cell is shown in Fig. 1 . Single diode model of PV cell is mostly used in modeling of PV system due to reduced complexity and computational efficiency over two-diode model (Giuseppina et al. 2014 , Sangram et al. 2016 ). The output current of PV cell is written as
where I c is PV cell output current, V c is PV cell output voltage, Ipv is photo current, Io is diode reverse saturation current, Rs and Rsh are series and shunt resistances, q is charge of an electron (1.6 × 10 −19 C), A is diode ideality factor, K is Boltzmann's constant (1.38 × 10 −23 N-m/K), T is panel operating temperature (in Kelvin).
The output current of PV module with Ns number of PV cells is given as 
Modeling of Partial shading condition
A PV system is modeled using four PV modules and these are represented in the form of four series (4S) and two series two parallel (2S2P) PV configurations as shown in Fig. 2 .
Assume each PV module in Fig When a string is subjected to partial shading, module G4 receives less irradiation (500 W/m 2 ) while other modules in the string receives 1000 W/m 2 . The module G4 acts as load instead of generator and it tries to take the current generated from non-shaded modules. The bypass diode is forward biased and protects the shaded module from being damaged. Due to diversion of current by bypass diode, PV characteristics have multiple peaks of which one is global MPP with reduced output. If bypass diode is removed, array exhibit only one peak but output is drastically reduced. The blocking diodes shown in Fig.  2 (b) prevent the reverse current from other strings due to voltage mismatch between two strings.
Output voltage of j th module from (6) is obtained by comparing photo current of j th module with its corresponding string current Is i as follows :
where V ij is voltage across j th module of i th string By varying current in the string (Is) from zero to photo current of module with higher irradiation, output voltage of i th string of PV array is given by
where m is number of series connected modules in a string.
Output current of PV array is given by
where s is number of parallel connected strings in an array
Enhanced GWO and its application to MPPT
Overview of Grey Wolf Optimizer
Grey Wolf Optimizer (GWO) is a new metaheuristic algorithm for non-linear optimization problems from family of swarm intelligence and it is inspired from grey wolves; it mimics the leadership hierarchy and hunting mechanism of grey wolves in nature. In GWO, there are four types of grey wolves such as alpha (α), beta (β), delta (δ) and omega (ω) and they have very strict social dominant hierarchy as shown in Fig. 3 , where dominance of wolves decreases from top to bottom. In GWO, α wolves are leaders of the herd and gives fittest solution of optimization problem, β wolves are subordinates to α wolves and they helps in decision making, ω wolves comes under third class and δ wolves dominate ω wolves and they have to submit to α and β (Mirjalili et al. 2014) . There are three main steps in hunting i.e., searching for prey, encircling prey and attacking the prey. The cooperation and communication between wolves gives optimal solution in least time. Hunting behavior of grey wolves is shown in Fig. 4 . This algorithm is simple in principle with good convergence speed and high accuracy and it has proper balance between both exploration and exploitation phases of search process (Mirjalili et al. 2014) .
Enhanced Grey Wolf Optimizer
In conventional GWO, δ and ω wolves submit to α and β wolves and do not contribute much in hunting the prey. This leads to higher population of search agents and wastage of time for tracking the optimal solution. In the proposed Enhanced GWO algorithm δ and ω phase is completely eliminated to speed up search process without compromising the accuracy of optimal solution. The modified steps to determine encircling and hunting behavior of proposed EGWO algorithm are as follows (Mirjalili et al. 2014 ):
• Encircling Each search agent encircles the prey during hunt. The encircling behaviour is mathematically modeled as
where t is current iteration and
where A, C are coefficients to maintain proper balance between exploration and exploitation, r1 and r2 are random numbers between [0, 1] and a is linearly decreased from 2 to 0 over course of iterations that resembles approaching the prey.
• Hunting The positions of all search agents are updated according to positions of best search agents Xα and Xβ, for each iteration using following equations
Search agents finish hunt by attacking the prey when it stops moving. The position updating of grey wolves is shown in Fig. 5 . 
Application of EGWO for MPPT
The main objective is to obtain the maximized output power P from the PV array considering duty ratio d as the decision variable. The objective function is formulated as follows (Santhan et al. 2016) :
Maximize:
where dmin and dmax are limits of duty ratio.
The block diagram for MPPT is shown in Fig. 6 and the sequential steps to obtain global MPP using proposed EGWO MPPT algorithm are as follows: between minimum limit, 0.1 and maximum limit, 0.9 of duty ratio using (19):
In this case, Np is taken as four i.e., number of modules in the PV system. 
• Evaluate the position of the prey
Calculate fitness values i.e., PV power of the population. Assign dα and dβ as first and second best population with highest PV power.
• Updating the positions of search agents
The positions of the population di are updated according to positions of dα and dβ.
where Dα and Dβ are distance of dα and dβ from maximum power.
The PV powers are calculated for updated positions of population and finish hunt when prey stops moving i.e., when maximum PV power is obtained.
• Termination criterion
The algorithms terminates when it reaches maximum number of iterations and outputs dα as the optimal duty ratio to operate at maximum power.
• Reinitialize The algorithm reinitializes search for a change in solar irradiation using
where Ppv,old is power at GMPP of last operating point, ∆P is set to 10%.
The flowchart for tracking global MPP using EGWO MPPT algorithm is given in Fig. 7. 
Results and Comparison
To examine the performance of proposed EGWO MPPT algorithm, simulations were carried on different combinations of four PV modules i.e., four series (4S) and two series two parallel (2S2P) PV configurations subjected to three different shading patterns. The parameters of Kyocera KC 200GT PV module used in modeling the PV system are given in Appendix.
Three shading patterns of 4S PV configuration are as follows: 1) G1,G2=1000, G3,G4=600 2) G1,G2=1000, G3,G4=400 3) G1=1000, G2=600, G3=400, G4=200 Three shading patterns of 2S2P PV configuration are as follows: 4) G1=1000, G2=600, G3=1000, G4=600 5) G1=1000, G2=400, G3=1000, G4=400 6) G1=1000, G2=600, G3=1000, G4=400
4S PV configuration
The electrical characteristics of the 4S PV configuration subjected shading patterns 1, 2 and 3 are shown in Fig. 8 . From figure, it is noticed that characteristics exhibit multiple peaks due to bypass diode operation across the shaded modules subjected to three different shading patterns with many local and one global MPP. The 4S PV configuration is subjected to two and four different irradiations for patterns 1, 2 and 3. The PV system must be operated at global MPP to use maximum available power.
The dynamic performance of proposed algorithm is examined by operating 4S PV configuration at different shading patterns. The 4S PV configuration is subjected to shading pattern 1 from 0-30 sec, pattern 2 from 30-60 sec and pattern 3 from 60 sec. The tracking curves of power, voltage and current of PV array for proposed EGWO algorithms of 4S PV Start Update a, A, C and calculate the fitness of all population. Update dα, dβ
Update the position of best population by (22) dα, optimal duty cycle at maximum power of PV system
Initialize EGWO parameters a, A, C, t=1
Initialize population of the duty cycle, di ( i=1, 2, ….Np)
Calculate power of each population and obtain best population (dα and dβ are respectively the best search and second best population)
Is ( The maximum power tracked by proposed algorithm for shading pattern 1 is 522.633 W with a tracking time of 3.6 sec, similarly maximum power tracked for shading pattern 2 and 3 are 401.064 W and 270.090 W with a tracking time of 4.8 sec and 5.9 sec respectively.
2S2P PV configuration
The electrical characteristics of 2S2P PV configuration subjected to shading patterns 4, 5 and 6 are shown in Fig. 10 . From figure, it is noticed that characteristics exhibit two peaks with one global maximum and other is local maxima for shading patterns 4, 5 and 6. The 2S2P PV configuration is subjected to shading pattern 4 from 0-30 sec, pattern 5 from 30-60 sec and pattern 6 from 60 sec respectively to examine dynamic performance of proposed algorithm. The tracking curves of power, voltage and current using proposed algorithm for 2S2P PV configuration subjected to three dynamic shading patterns are shown in Fig. 11 . From figure, it is noticed that proposed algorithm tracks global MPP for all shading patterns of 2S2P PV configuration. The algorithm reinitializes search at t=30 sec and t=60 sec for a change in shading pattern. The maximum power tracking by proposed algorithm for shading pattern 4 is 523.078 W in tracking time of 4.5 sec and maximum power of 401.185 W and 437.95 W with a tracking time of 3.5 and 3.7 sec respectively for shading pattern 5 and 6.
Comparative Analysis
The proposed EGWO algorithm is compared with conventional GWO MPPT algorithm (Satyajit et al. 2016) and most implemented Particle Swarm Optimization MPPT algorithms (Liu et al. 2012 ) under similar conditions. The parameters of three algorithms are mentioned in Appendix.
The comparative results for EGWO, GWO and PSO MPPT algorithms in terms of accuracy and speed for tracking of global MPP for all shading patterns of 4S and 2S2P PV configuration are presented in Table 1 . From table, it is observed that proposed algorithm is superior to conventional GWO and PSO algorithms.
The statistical performance analysis of EGWO, GWO and PSO MPPT algorithms by performing 50 trail runs are given in Table 2 . Table 2 , it is observed that proposed algorithm can track global MPP with more accuracy over PSO algorithm and in less tracking time than GWO MPPT algorithm. The tracking results for 50 trail runs performed by three algorithms for pattern 2 of 4S and pattern 5 of 2S2P configurations with highest standard deviation in table 2 are shown in Fig. 12 . From Figure 12 , it is observed that PSO MPPT algorithm suffers from local MPP trapping frequently and GWO MPPT algorithm suffers occasionally, whereas EGWO MPPT algorithm does not suffer from local MPP trapping and tracks the global MPP for all the trail runs performed
Conclusion
An accurate analytical modeling of PV system under partial shaded condition is presented. An Enhanced GWO MPPT algorithm is proposed by eliminating the δ and ω phase of conventional GWO algorithm to track the global MPP of PV system under partial shaded condition with more accuracy and in less tracking time. To examine the performance of the proposed EGWO algorithm, simulations are carried out on 4S and 2S2P PV configurations subjected to three different shading patterns. The dynamic performance of the proposed algorithm is observed by subjecting the 4S and 2S2P PV configurations for dynamically changing shading patterns each for 30 sec. The performance of proposed algorithm is examined by comparing results with existing conventional GWO and PSO MPPT algorithms and results are presented. It is noticed that proposed algorithm tracks global MPP with more accuracy and less tracking time. Due to stochastic nature of heuristic algorithms, 50 trail runs were performed for three algorithms under similar conditions and it is observed that proposed algorithm is free from local MPP trapping and has less standard deviation than PSO MPPT algorithm, less tracking time than GWO and PSO MPPT algorithms. From performance analysis, it is observed that proposed EGWO algorithm is superior to other two algorithms. 
Appendix
